ABSTRACT: With increasing life expectancy, fragility fractures of the pelvic ring are seen more frequently. Although their osteosynthesis can be very challenging, specific biomechanical studies for investigation of the fixation stability are still lacking. The aim of this study was to biomechanically evaluate four different fixation methods for sacrum Denis type II fractures in osteoporotic bone. Unstable Denis type II vertical sacrum fractures were created in 16 human pelves. Their osteosynthesis was performed with one sacro-iliac screw, posterior sacral plating, triangular fixation, or spino-pelvic fixation. For that purpose, each pelvis was randomly assigned to two paired groups for treatment with either SI-screw/posterior sacral plating or triangular fixation/spino-pelvic fixation. Each hemi-pelvis was cyclically tested under progressively increasing axial compression. Relative interfragmentary movements were investigated via optical motion tracking analysis. Axial stiffness of triangular fixation was significantly higher versus posterior sacral plating and spino-pelvic fixation (p 0.022), but not significantly different in comparison to SI-screw fixation (p ¼ 0.337). Cycles to 2, 3, 5, and 8 mm fracture displacement, as well as to 3˚, 5˚, and 8˚gap angle at the fracture site were significantly higher for triangular fixation compared to all other groups (p 0.041). Main failure mode for all osteosynthesis techniques was screw cutting through the bone, leading loss of fixation stability. From a biomechanical point of view, triangular fixation in sacrum Denis type II fractures demonstrated less interfragmentary movements and should be considered in unstable fragility fractures of the sacrum. ß
With increasing life expectancy, pelvic and sacral fractures are commonly seen in elderly patients characterized by low bone mineral density. An increasing incidence of these fractures is seen in daily practice and expected in the future. These fractures, occurring as a consequence of a low-energy trauma, are qualified as stress, insufficiency, or fragility fractures. 1 Primary osteoporosis is found in 70-80% of the affected individuals including both postmenopausal and senile osteoporosis. 2 An increasing incidence of these fractures is expected in the future. 3, 4 Depending on fracture personality, pain during mobilization and patient's comorbidity, surgical therapy can be necessary. 2 Surgical options include minimally invasive sacro-iliac (SI) screws, open reduction followed by plate osteosynthesis, as well as internal fixation using spino-pelvic stabilization. However, restoring the stability in such fragility fractures poses a considerable challenge in the orthopedic traumatology, because the fixation concepts differ from those for patients with present normal bone quality, where in contrast, a cut-through of the screws-one of the most significant fixation failure modes in poor bone stockis rarely seen. Unfortunately, published analyzes of posterior pelvic fracture fixation are usually performed using synthetic bone models, cadaveric bones with normal bone mineral density (BMD), or recruiting young polytrauma patients. [5] [6] [7] Specifically biomechanical investigations using pelvises with low BMD are not available in the literature.
Therefore, the purpose of the present study was to biomechanically investigate the stability of sacral fracture fixation applying SI-screw, posterior sacral plating, triangular, or spino-pelvic osteosynthesis techniques in a cadaveric fracture model with low BMD.
MATERIALS AND METHODS

Specimens
Sixteen human cadaveric pelvises (from six male and 10 female donors were preserved with the method of Thiel and prepared for biomechanical testing. 8 All donors gave their informed consent within the donation of anatomical gift statement during their lifetime. Therefore, no local or national ethical approval was necessary. The soft tissue was dissected, leaving only the bony pelvic structures with anterior and posterior sacroiliac, sacrospinosus, and sacrotuberosus ligaments. In addition, all ligamentous attachments from the fifth lumbar vertebra to the pelvis were left intact. The femora were removed together with the lumbar spine up to the fourth vertebral body. The latter was scanned via high-resolution peripheral quantitative computed tomography using a standard density protocol with an XtremeCT (Scanco Medical AG, Br€ uttisellen, Switzerland) to determine the BMD.
Osteotomy
Prior to instrumentation, a vertical osteotomy was created on the sacrum left or right side, using a standard 1-mm oscillating saw blade. Sacral fragility fractures are commonly seen in Denis zone 1, however, their fracture lines are often very variable. 9, 10 Therefore, in the current study a more standardized osteotomy was set in Denis zone 2 to simulate an unstable fracture of the posterior pelvic ring. The symphysis was widely cut out to discontinue the anterior pelvic ring. This fracture model simulated a unilateral pelvic ring pattern. After osteotomy creation the posterior pelvic ring fragments were anatomically reduced and instrumented.
Study Groups
The specimens were randomly assigned to two paired treatment groups, namely SI-screw fixation/posterior sacral plating and triangular/spino-pelvic osteosynthesis. The left and right sides of each pelvis were further randomly assigned to either treatment within the two paired groups, resulting in eight specimens per group (n ¼ 8).
Surgical Technique
For SI-screw fixation, a 2.8 mm guide wire was firstly placed across the SI joint into the first sacral body. The guide wire was then overdrilled, followed by insertion of a partially threaded self-cutting 7.3 mm cannulated SI screw (DePuy Synthes, Westchester, PA) together with a standard 13 mm washer. Final screw tightening was applied using tactile feedback as performed in clinical setting.
Posterior sacral plating was realized by instrumentation of two 6-hole 3.5 mm LCPs (DePuy Synthes) with lateral cortical and medial locking screws according to the technique prescribed by Acklin et al. 11 Each plate was positioned horizontally and centrally in the sagittal mid-plane on the posterior surface of the sacrum. Both plates were bent to fit the individual sacrum anatomy. The locking screws were inserted in monocortical fashion to prevent shearing of the bone-implant construct. The cortical screws were inserted eccentrically in the plate hole to provide compression of the fracture. In addition, they were oriented laterally to increase the fracture compression.
The spino-pelvic fixation was performed by the use of the EXPEDIUM instrumentation system (DePuy Synthes, Westchester). For that purpose, a pedicle finder was used to insert a 6Â 50 mm pedicle screw into the fifth lumbar vertebra after predrilling a pilot hole of 3.2 mm diameter. A second 8 Â 100 mm screw was inserted into the ilium in a supraacetabular direction after predrilling. Finally, the two pedicle screws were connected with a 75 mm long titanium rod.
Triangular fixation was realized by combining the abovementioned SI screw with spino-pelvic fixation.
Each group is represented with one instrumented exemplary specimen in Figure 1 . All implants were made of titanium alloy Ti-Al6-Nb7 (TAN) and produced by the same manufacturer (DePuy Synthes). Instrumentation was performed by a single experienced surgeon (Y.P.A., the first author) according to the manufacturer's guidelines.
Preparation for Biomechanical Testing
Each hemi-pelvis was oriented in an upright position and the distal part of the respective ilium site with performed instrumentation was embedded in a 5 cm high polymethylmethacrylate block (PMMA, SCS Beracryl D28, Swiss Composite, Jegenstorf, Switzerland) using a casting mold. Subsequently, another PMMA block was molded upon the fifth vertebral body and a half-sphered cavity was created at its top to allow load transmission via a 28 mm ceramic ball. Two marker sets, consisting of four uniplanar retro-reflective markers each, were attached to the sacrum and ilium for optical motion tracking. The plane of the ilium marker set was oriented coplanar to the osteotomy plane in order to define a local coordinate system as described below.
Biomechanical Testing
Biomechanical testing was performed on a servohydraulic test system (Bionix 858.20, MTS Systems, Eden Prairie, MN) equipped with a 4 kN/100 Nm load cell. The setup with a specimen mounted for mechanical testing is shown in Figure  2 . Each specimen was tested in an upright position and hemipelvic situation. The iliac embedding was fixed to an aluminum plate with two clamps. This plate was attached to the machine base via an X-Y table to compensate for horizontal movements during biomechanical testing. Axial compression along the machine axis was applied to the fifth lumbar vertebral body via the ceramic ball of 28 mm radius.
Progressively increasing cyclic compression loading with a physiological loading profile of each cycle was applied at a rate of 2 Hz. 12 While the valley load of each cycle was held constant at 20 N, the peak load, starting at 50 N, was increased cycle by cycle at a rate of 0.1 N/cycle until 30 mm relative axial displacement of the machine actuator were reached. Such loading aims to achieve construct failure of specimens with different bone quality and mechanical properties within a predefined number of cycles and has been found useful in previous biomechanical studies investigating femoral fracture fixations. 13, 14 Data Acquisition and Evaluation Machine data in terms of axial displacement (mm) and axial load (N) were acquired at a rate of 128 Hz. Initial axial construct stiffness (N/mm) was calculated from the linear slope of the load-displacement curve between 25 and 50 N compression in the third loading cycle to exclude initial settling effects.
Relative interfragmentary movements were investigated in all 6˚of freedom via three-dimensional motion tracking 
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analysis using five Qualisys ProReflex MCU infrared digital cameras (Qualisys AB, Gothenburg, Sweden) to continuously capture the coordinates of the markers attached to each side of the fragment at a rate of 100 Hz. The motion tracking system was found to operate at an accuracy of 1.39-2.37% and a precision of 1.9-3.9 mm. 15 A local coordinate system of the osteotomy was defined by setting its x-and z-axis horizontally and vertically in the plane of the ilium marker set, while the y-axis, representing a cross-product of the former two axes, was oriented normally to the marker plane. The origin of the coordinate system was set in the center of the square determined by the four markers (Fig. 2) .
Based on the captured marker coordinates, relative interfragmentary displacements (mm) of the most superior aspect in the osteotomy along the three principal axes, as well as relative interfragmentary rotational movement (˚) around these axes were calculated and the total interfragmentary displacement (mm) of the most superior aspect as well as the total interfragmentary rotation (˚) at the fracture gap, the latter defined as "gap angle," were computed over the cycles as the magnitudes of the corresponding threedimensional movements under peak loading conditions. The numbers of cycles until reaching a gap angle of 1˚, 2˚, 3˚, 5å nd 8˚and interfragmentary displacement of 1, 2, 3, 5, and 8 mm were calculated.
Statistical evaluation upon the parameters of interest was performed with the use of SPSS software package (v.23, IBM SPSS Statistics, IBM, Armonk, NY). Descriptive data were calculated in terms of mean and standard deviation (SD) values. Data were screened for normality of distribution and homogeneity of variance with ShapiroWilk and Levene tests, respectively. Differences between the paired groups, namely SI-screw fixation and posterior sacral plating, as well as spino-pelvic and triangular fixation, were assessed with Pair-Samples T-tests. OneWay analysis of variance (ANOVA) with Bonferroni and Games-Howell post hoc corrections for multiple comparisons was conducted to identify significant differences between the non-paired groups. The level of significance was set to 0.05 for all statistical tests.
After accomplishment of the first test with each specimen, the respective hemi-pelvis site was removed and the procedure of osteotomy creation, instrumentation, ilium embedding, biomechanical testing, and data evaluation was repeated for the contralateral site.
RESULTS
All parameters of interest were predominantly normally distributed within each study group and with homogeneous variance among the four groups. Mean BMD values were 78.2 AE 76.9 mgHA/cm 3 (mean AE SD) for SI-screw fixation and posterior sacral plating, and 115.1 AE 149.0 mgHA/cm 3 for triangular and spinopelvic fixation, with no significant differences between these two sets of groups (p ¼ 0.566).
Axial stiffness was 97.8 AE 13.2 N/mm for SIscrew, 56 AE 19.6 N/mm for posterior sacral plating, 133.1 AE 53.4 N/mm for triangular fixation, and 73.7 AE 18.7 N/mm for spino-pelvic fixation, as shown in Figure 3 . The triangular fixation resulted in significantly higher stiffness compared to posterior sacral plating and spino-pelvic fixation (p 0.022). In addition, SI-screw fixation revealed significantly higher stiffness in comparison to posterior sacral plating (p < 0.001), but not significant difference in stiffness versus triangular fixation (p ¼ 0.337).
The results for cycles until reaching total displacement and gap angle for each of the predefined criteria are summarized in Table 1 . The local coordinate system used for motion tracking is defined by the ilium marker set, whose plane is oriented coplanar to the osteotomy. Movements of the sacrum marker set are calculated relative to this coordinate system. Numbers of cycles to 1˚gap angle were not significant between triangular and spino-pelvic fixations (p ¼ 0.057), and between the remaining fixation techniques (p ! 0.175). Regarding the criterion of 2˚gap angle, these values were significantly higher for triangular fixation in comparison to both posterior sacral plating and spino-pelvic fixation (p 0.025). In addition, the numbers of cycles to 3˚, 5˚and 8˚gap angle were significantly higher for triangular fixation compared to all other techniques for each of these criteria separately (p 0.022, Fig. 4) .
Numbers of cycles to 1 mm total displacement was significantly higher for triangular fixation compared to spino-pelvic osteosynthesis (p ¼ 0.025) and not significant between triangular fixation and posterior sacral plating (p ¼ 0.083). Regarding the criteria of 2, 3, 5, and 8 mm displacements, triangular fixation showed significantly higher numbers of cycles compared to all other techniques (p 0.041, Fig. 5 ).
The main failure mode among all fixation methods was screw cutting through the bone, leading loss of fixation stability, as indicated by excessive relative rotational movements between the fragments. For the SI-screw fixation, the screw anchorage was impaired at the distal end of the screw in the sacrum region. For the posterior sacral plating, the failure was characterized by screw loosening in the bone, as well as cortical screw loosening at the screwplate interface. The spino-pelvic fixation resulted in screw failure at the pelvic site with consecutive loosening.
DISCUSSION
In our biomechanical testing, triangular fixation showed higher axial stiffness and less displacement within unilateral transforaminal sacrum fractures with low BMD in comparison to posterior sacral plating, spino-pelvic, and isolated SI-screw fixation.
Low-energy fragility fractures cannot be directly compared to high-energy pelvic fractures. The indication for their operative treatment can be challenging and that is why an interpretation and comprehensive classification system of these fragility fractures was recently introduced. 10 It is therefore important to identify the symptomatic fractures and offer a secure and stable osteosynthetic solution. The goal must always be to reduce pain and recover mobility thus 
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avoiding many complications associated with prolonged immobilization.
Fractures of the sacrum are usually stabilized with minimal-invasive SI-screws. 2 The SI screws can be placed in an oblique manner as in our specimens collective, or transverse horizontal. Tabaie et al. 16 biomechanically compared two fixation constructs of unstable Denis type II injuries in a 2 mm gap model. The first group was fixed with two 7.0 mm SI screws in corridor S1, the second group with one SI screw and one trans-sacral screw, the latter locked with a nut from the contralateral site. Their tests showed significant greater force to failure in the second group. A similar locked trans-sacral method was used in 10 clinical cases with good results. 5 However, in all these cases the highly variable anatomy of the upper sacrum may render placement of transverse SI screws difficult, due to the limiting space of safe corridors. 17 Horizontal S1 corridors were shown in a morphometric study to be inexistent in 11% of the patients, whereas S2 corridors were usually accessible, but with 11.6 mm classified as rather narrow. 18 Furthermore, anchorage of the screws in osteoporotic bone is not always as reliable as in normal bone quality. 19 Schildhauer et al. 20 compared one SI screw in S1 versus triangular fixation under unspecified bone mineral density. Their results confirm our findings, showing that triangular fixation demonstrates significantly greater stability. Even pediculo-iliac screw fixation using iliac and S1 pedicle screws showed good results. 21 Min et al. 6 compared triangular fixation with one SI screw introduced into S1 according to Matta versus two trans-sacral screws through S1. 6 Interestingly, the interfragmentary movement was significant greater in the trans-sacral screw group but the study did not measure statistical difference total stiffness or load to failure. Neither did the authors analyze the problem of small corridors with the two horizontally placed screws. 18 The osteosynthesis of a fragility fracture of the sacrum has to withstand horizontal, vertical, and rotational forces. Our results, based on the measurements of gap angle and total displacement showed similar performance among the three isolated fixation techniques (SI-screw, posterior sacral plating, and unilateral spino-pelvic fixation). The authors anticipate that spino-pelvic fixation contributes mainly to stabilization against bending and vertical forces. On the other hand, SI-screw fixation stabilizes those forces acting in horizontal direction. Combining these two techniques results in a logical multi-planar triangular fixation technique providing maximal stability.
Using synthetic bones, Padalkar et al. 7 analyzed different posterior sacral plating options comparing them to SI-screw fixation as the standard of care. According to their findings, based only on stiffness evaluation under application of vertical compressive forces, posterior sacral plating was only slightly inferior to single SI-screw fixation. 7 In contrast, posterior sacral plating in the present study did not outperform any of the other constructs, but revealed low resistance against deformation. One underlying reason for this inferior performance might be the used test setup. Tile et al. 22 showed a tension band effect of the intact pelvic ring. Padalkar et al. 7 used an intact anterior pelvic ring allowing for tension band functioning after posterior sacral plating. However, in our test setup the anterior pelvic ring was discontinued, as usually seen in the clinical setting. Therefore, anterior pelvic ring fixation should be always considered if posterior sacral plating is applied, since posterior plating functions as a tension band in fractures with minor comminution. 7, 23, 24 Another adverse effect associated with plate osteosynthesis are wound healing problems after posterior open approaches.
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Strength and Limitations
The limitations of this study are similar to those inherent to all cadaveric studies. A limited number of specimens were used, thus restricting generalization to actual patients. In addition, specimens preserved with the method of Thiel were used. However, only cadaveric specimens can reflect natural biomechanics in regards to intervertebral disc movement and ligament attachments as well as osteoporotic bone quality. Furthermore, not all four fixation techniques could be performed on the same pelvis because some of them required similar bone areas for screw fixation.
Finally, biomechanical testing principally reflects loading in an idealized setting, neglecting clinical particularities, such as muscle traction, soft tissue interference, or compliance.
Strengths of the study are the use of matched groups to minimize intra-and inter-individual variances and allow more appropriate comparison among these groups, which is also manifested by equally distributed BMD values among the two sets of paired groups. Furthermore, a setup was used with an unstable fracture model, necessary for the meaningful elaboration of the biomechanical potential of each implant type. Finally, the use of a motion tracking system allowed for more precise assessment of the interfragmentary motion versus using of machine data only. The interfragmentary motion values were calculated at peak loading conditions, thus reflecting both elastic deformation and fatigue-like displacement at the fracture site during dynamic loading.
CONCLUSION
From a biomechanical point of view, triangular fixation in sacrum Denis type II fractures demonstrated superior axial stiffness and less interfragmentary movements compared to spino-pelvic and posterior sacral plate fixation and less interfragmentary movement compared to SI-screw fixation. Triangular fixation should be considered in unstable fragility fractures of the sacrum. 
